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We investigate coupling an encoded spin qubit to a microwave resonator via qubit energy level curvature
versus gate voltage. This approach enables quantum non-demolition readout with strength of tens to hundred
MHz all while the qubit stays at its full sweet-spot to charge noise, with zero dipole moment. A “dispersive-like”
spin readout approach similar to circuit-QED but avoiding the Purcell effect is proposed. With the addition of
gate voltage modulation, selective longitudinal readout and n-qubit entanglement-by-measurement are possible.
Introduction.- Quantum measurement of semiconductor
spin qubits, e.g. in quantum dots (QD), is usually associ-
ated with the spin-to-charge conversion technique, where spin
states are mapped to auxiliary charge states, of the system, and
sensing the charge is via electron transport in a (nearby) quan-
tum point contact or a single electron transistor [1–3]. This
method suffers, however, from having to move the qubit away
from its operating point, from low sensing efficiency, and/or
susceptibility to charge and 1/ f noise of the QD qubit and de-
tector. Thus, a readout approach using transport of microwave
(MW) photons, coupled to the spin via a common supercon-
ducting (SC) resonator [4, 5] and utilizing noiseless MW am-
plification is desirable, as it has been proven suitable to reach
a quantum-limited measurement regime for superconducting
(SC) qubits [6–9]. The key is then to establish a spin coupling
to resonator leading to spin-dependent photon scattering.
In the standard approach, a transverse coupling via the
qubit electric dipole moment (e.d.m.), d 6= 0 is used (as in
SC transmon[6]), leading to a Jaynes-Cummings interaction:
Htr ' ~g⊥(σ−aˆ† +σ+aˆ). In the dispersive limit, the qubit-
resonator detuning ∆ is large and the resulting coupling (to
leading order in g⊥/∆), Htr ' ~g
2
⊥
∆ aˆ
†aˆσz, commutes with the
qubit Hamiltonian Hq. Recent studies of the resonant ex-
change (RX) qubit [10], based on a 3-electron triple quantum
dot (TQD), have offered strong spin-cavity coupling, at a par-
tial sweet spot to gate detuning fluctuations (see also Ref.11).
This approach, however, has several drawbacks for electron
spin QD qubits: first, for a finite e.d.m. the spin qubit is more
susceptible to charge noise [10, 12–14]. Secondly, in higher
orders of g⊥/∆, the transverse interaction no longer commutes
withHq, dressing the qubit-resonator states and leading to en-
hanced qubit relaxation (Purcell effect) and dressed dephasing
[15, 16] even if the resonator is coherently populated. These
effects may increase for a spin qubit (relative to a transmon),
since the former usually possesses a small dipole moment, and
a trade off between charge noise (less e.d.m.) and a larger res-
onator photon flux (stronger measurement) may not exist.
In this Letter we propose, alternatively, a spin-to-SC-
resonator coupling, utilizing the TQD qubit energy curvature,
∂2Eq(VG)/∂V 2G, with a gate voltage (Fig. 1a). We find that a
static, dispersive-like coupling Hλ = ~λωr
(
aˆ+aˆ+ 12
)
σz, oc-
curs due to the quantized resonator voltage. A dynamical lon-
gitudinal coupling: H‖ = ~
[
g‖(t)σz+g0(t)Iˆ
]
(aˆ+ aˆ+) also
appears if an additional external voltage modulation V˜m(t)
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FIG. 1. (a) A TQD always-on, exchange-only encoded qubit cou-
pled to a microwave resonator, ωr, through the middle dot gate volt-
age,Vm. Readout is accomplished either 1) via a “dispersive-like” in-
teraction and driving the resonator (ε) in a manner similar to circuit-
QED; or 2) via modulating Vm near the resonator frequency, creating
a longitudinal interaction. Photons put into the resonator are scat-
tered off the (far off-resonant) spin-qubit and measured, e.g., via a
homodyne signal, Im(t). (b) Qubit spin levels E0,1 vs. gate voltage
Vm stay at a full-sweet-spot (at gate detunings ε0v , V 0m, in yellow) dur-
ing readout.
is applied near the resonator frequency, generating a spin-
dependent “force” exerted on the resonator. Similar longitu-
dinal coupling was explored in ion trap quantum gates [17–
20], and was recently proposed by Kerman [21] and others
[22–24] for SC qubits. The energy curvature can be appre-
ciably large in a regime where e.d.m. is zero (Fig. 1b), and
the charge noise to the qubit is minimized (full-sweet-spot),
previously referred to as the AEON qubit regime [25]. The
curvature interactions commute with the qubit Hamiltonian,
avoiding Purcell effect. Importantly, we show here that quan-
tum measurements can be performed while each qubit is re-
siding at its full sweet spot, with a measurement time of the
order of tens of ns.
Dispersive-like and longitudinal curvature couplings.- We
consider a TQD 3e-qubit coupled to a resonator via a voltage
variation on the middle dot, VG =V 0m+V˜m(t)+Vˆr, with V
0
m at
the full-sweet-spot; Vˆr ∝
√
ωr (aˆ++ aˆ) is the resonator quan-
tized voltage, and V˜m(t) is an external modulation, Fig. 1. The
Hamiltonian (including resonator driving and environment) is:
Htot =H0+Hλ+H‖+ ε
(
aˆ+e−iωd t +h.c.
)
+Henv, (1)
where H0 = ~ωraˆ+aˆ+Hq, aˆ is a mode annihilation opera-
tor, and the couplings, Hλ, H‖, derive from the qubit energy:
Hq = Eg|g〉〈g|+Ee|e〉〈e| ≡ Gq(VG)Iˆ+ Eq(VG)2 σ˜z, expanded to
second order. With no gate modulation, a static dispersive-
like interaction Hλ ∝ Vˆ 2r σz (neglecting contra-rotating terms
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2∼ aˆ2, aˆ+2) leads to a spin-dependent detuning, δωs =±λωr:
λ≡ δω
ωr
=
~ωr
2
(η
~
)2 ∂2Eq(V 0m)
e2∂V 2G
. (2)
The ratio η~ ≡ αc
√
Zr
~/e2 includes the middle dot coupling ca-
pacitances to the resonator and the ground (Fig. 1a) via αc ≡
Cc
Cc+Cd
, and a ratio of the resonator impedance, Zr ' ωrLr 
Rr, to the resistance quantum. Here, the zero-point fluctuation
(for a resonator circuit, mass↔ Lr) is ∆x0 = e
√
~/e2
2ωrLr , and a
ratio of η~ & 1 is possible for high kinetic inductance (Lr &
100nH) resonators, reached in SC wires with disorder[26].
By switching on a voltage modulation V˜m(t), a term∝ V˜m Vˆr
gives the longitudinal Hamiltonian: H‖ = ~
[
g‖σz+g0 Iˆ
]
(aˆ+
aˆ+) with couplings modulated in time: g‖,0 = gst‖,0 +
g˜‖,0(V 0m) cos(ωmt+ϕm) at a frequency ωm ∼ ωr (a static cou-
pling, gst‖,0 ∝
∂Eq(V 0m)
∂VG
, is zeroed at sweet spot). In a frame ro-
tating with ωm, the longitudinal couplings read:
{g˜‖, g˜0}
ωr
=
η
e~
{
1
2
∂2Eq(V 0m)
∂V 2G
,
∂2Gq(V 0m)
∂V 2G
}
V˜m (3)
TQD couplings estimations.- For a triple QD (TQD) 3-
electron qubit, we are seeking a configuration where, ide-
ally, the electric dipole moment is zero, avoiding both spuri-
ous transverse coupling, static longitudinal coupling, and also
minimizing susceptibility to charge noise. In a recently estab-
lished full-sweet-spot parameter regime [25] the relevant qubit
states are made of the two bare (111)-states with spin projec-
tion Sz = 1/2: |1〉= |S〉13| ↑〉2 = 12 [| ↑1↑2↓3〉− | ↓1↑2↑3〉], and
|2〉=− 1√
6
[| ↑1↑2↓3〉+ | ↓1↑2↑3〉−2| ↑1↓2↑3〉] with small ad-
mixture of the other charge configurations, like (201), (102),
etc., Fig. 1b. Unlike the RX-regime [10, 27], the Coulomb
energy cost, U˜i, for a double occupation of the i-th dot is large
compared to the interdot tunnelings: U˜i tl , tr. Coupling the
resonator through the middle dot, Fig. 1a, allows the sweet-
spot to remain largely intact (compare with Refs. [28, 29]).
Introducing the independent energy detunings, εv ≡ (V3−
V1)/2, and Vm ≡ (V3 +V1)/2−V2 (Vi is the gate voltage ap-
plied to the i-th dot) the effective qubit Hamiltonian is re-
cast to the form [10, 25]: Hq,eff = −J(εv,Vm) Iˆ− Eq(εv,Vm)2 σ˜z,
where the exchange energies Jl,r, J ≡ (Jl + Jr)/2, determine
the qubit splitting Eq =
√
J2l + J
2
r − JlJr. At the sweet spot
( ∂Eq∂εv =
∂Eq
∂Vm = 0): J
0
l,r ≡ Jl,r(ε0v ,V 0m) =
8t2l,r
al,r
, with al = U˜1+U˜
′
2,
ar = U˜2+U˜3. For coupling estimations, we consider: al,r = a,
tl,r = t, resulting in
∂2E0q
∂V 2m
= 64t2/a3. For typical Si QD charg-
ing energies (see Refs. [27, 28, 30])U1 =U3 =U = 0.5meV,
andV12 =V23 = 0.1U ,V13 = 0.05U , tunneling t = 20(40)µeV,
and modulation amplitude V˜m = 0.1meV one obtains a res-
onator frequency shift δω ' 10.3MHz (δω = 41.4MHz), a
longitudinal coupling g˜‖ ' 25MHz (g˜‖ = 100MHz), and a
qubit splitting Eq = J ' 1GHz (3.9GHz), well off resonance
with ωr/2pi= 10GHz. Since the scalings, δωs ∝ η2ω2r t2l,r/U
3
and g˜‖ ∝ ηωr t2l,r/U
3 (η ∝
√
ωr), a large range of parameters
can be explored e.g., for slightly larger dots, U ≈ 0.4meV,
the couplings increase twice. Higher curvature corrections to
δω, g˜‖ are due to ∂4E0q/∂V 4m, and reach 5-15%. There appear
also small non-linearities of the form, ζ0(aˆ+aˆ)2, ζ‖(aˆ+aˆ)2σz,
ζnˆ(aˆ+nˆ+ nˆaˆ)2σz, that are Purcell free as well.
Qubit dephasing via the resonator relaxation- The qubit
plus a SC resonator system is described via a Caldeira-Leggett
master equation [31] (plus qubit relaxation and dephasing):
dρ
dt
=−i [Htot,ρ]− i κ2~ [xˆ{ pˆ,ρ}]−
Kd
~2
[xˆ [xˆ,ρ]] (4)
where xˆ ≡ ∆x0(aˆ+ aˆ+), pˆ ≡ −i∆p0(aˆ− aˆ+) are the “posi-
tion” and “momentum” operators, and Kd = Lr~ωrκ2 coth
~ωr
2kBTr
is the temperature dependent diffusion. For the qubit readout
one considers a zero resonator temperature Tr = 0, where un-
der the evolution of Eq. (4), a coherent state remains coherent
(pure) state. This is also preserved by continuous measure-
ments of the resonator, (see Ref. [32] and references therein).
The qubit-resonator density matrix can be expanded in the
complete set of qubit operators |s〉〈s′| (s = ± for a single
qubit): ρ = ∑s,s′ ρˆs,s′ |s〉〈s′| where the partial matrices ρˆs,s′
act only on the resonator [33]. In this case it is sufficient
to solve for the partial density matrices, ρˆs,s′ , using posi-
tive P(+)-representation [34]. By making a Gaussian (coher-
ent state) anzatz ρˆs,s′(t) = ρ
q
ss′(t) |αs(t)〉〈αs′(t)| for the par-
tial density matrices [35] one obtains the spin-dependent res-
onator oscillations under driving and modulation (in rotating
wave approximation) α˙±(t) = −i{
[
(ω˜r±δω)− iκ2
]
α±+ ε+
e−iϕm
2
[±g˜‖+ g˜0]}, where ω˜r = ωr−ωm, δω ≡ λωr. For the
non-diagonal qubit density matrix one gets the solution:
ρq+−(t) = ρ
q
+−(0)e
−i(ωq−2δω−iγ2)t e−i2δω
∫ t
0 dt
′α+(t ′)α∗−(t ′)
×e−ig˜‖
∫ t
0 dt
′[α+(t ′)eiϕm+α∗−(t ′)e−iϕm ], (5)
where γ2 ≡ 1/T2 is the qubit internal dephasing, and the last
two terms can be written in the long-time limit (t  1/κ) as
a resonator-induced dephasing, e−Γqb,rest , with Γqb,res ≡ Γλ+
Γ‖. With the stationary solutions, αst± = −
ε+ e
−iϕm
2 (±g˜‖+η˜0)
(ω˜r±δω)−i κ2
,
one obtains (at resonance ω˜r = 0 and ϕm = 0) the dispersive-
like and longitudinal contributions to Γqb,res:
Γλ =−2δω Im
[
αst+α
st∗
−
]
=
(2δω)2 (κ/2)
[δω2+κ2/4]2
[
(ε+ g˜0/2)2−
(
g˜‖/2
)2] (6)
Γ‖ =−g˜‖ Im
[
αst++α
st∗
−
]
=
g˜2‖ (κ/2)
δω2+κ2/4
. (7)
One also obtains qubit frequency (ac Stark) shifts: δωλ =
−2δωRe[αst+αst∗− ] = 2δω[δω2−κ2/4][δω2+κ2/4]2 [(ε+ g˜0/2)2− (g˜‖/2)2],
δω‖ =−g˜‖Re
[
αst++αst∗−
]
=
g˜2‖ δω
δω2+κ2/4 .
3Longitudinal readout- The rate Γqb,res can be interpreted as
the maximal measurement rate of a qubit. Indeed, perform-
ing a homodyne measurement of the resonator , the measure-
ment signal is [33]: Im(t) = β
[
κ〈Xˆφ〉+
√
κξ(t)
]
, where Xˆφ =
aˆ e−iφ+ aˆ+ eiφ is the measured resonator quadrature, 〈. . .〉 ≡
Tr[ρm . . .] is the quantum average (ρm is the conditioned sys-
tem density matrix), β and φ are respectively the strength and
phase of the local oscillator (Fig. 1a), and ξ(t) is the detector
noise. In the “bad cavity limit” (when κ Γqb,res), the pho-
ton leakage out of the resonator is much faster than the qubit
internal evolution, implying that homodyne measurement of
the resonator field is a qubit measurement. In the stationary
regime, for fixed qubit states |±〉, the average currents read
I± = βκ
[
αst± e
−iφ+αst∗± e
iφ] , (8)
and the current signal can be expressed via the qubit (condi-
tioned) density matrix ρqm(t), with ∆I ≡ I+− I−:
Im(t) =
∆I
2
Tr[ρqm(t)σz]+β
√
κξ(t). (9)
The (single sided) current spectral density, S0, is related to
the photon shot noise I0(t) ' β
√
κξ(t) via: 〈I0(t) I0(t ′)〉ξ =
β2κδ(t − t ′) ≡ S02 δ(t − t ′). For each of the qubit states |+〉,
|−〉, the random finite time average I(t) = 1t
∫ t
0 Im(t
′)dt ′ is
Gaussian distributed with the averages I± and variance S02t
[assuming weak response, ∆I  βκ]. Then, a measurement
time τmeas ≡ 1/Γm can be introduced, as the time needed
to distinguish between the two state-dependent distributions
[36]: τmeas = 4S0
(I+−I−)2
. The detector response takes the form
∆I = 2βκ|αst+ − αst−| cos∆φ, and is maximized by choosing
the measured quadrature Xˆφ, so that ∆φ≡ φ−φdif = 0, where
φdif = arg[αst+−αst−] is the phase of the difference for the two
resonator fields. Thus, the maximal measurement rate is:
Γmaxm =
∆I2max
4S0
= |αst+−αst−|2
κ
2
, (10)
which is equal to the dephasing rate, Γqb,res = Γλ + Γ‖, of
Eqs. (6),(7). For quadrature measurement with φ 6= φdif one
gets a rate Γm = Γmaxm cos2 (φ−φdif) [see also Ref. [35]].
The qubit density matrix at time t, given the measurement
record I(t), will be updated via a quantum Bayesian rule [36]:
ρqm(t, I) =
UˆI,z MˆI,zρq(0)Mˆ
+
I,zUˆ
+
I,z
P[I(t)]
, (11)
where P[I(t)] ≡ Tr[ρq(0)Mˆ+I,z MˆI,z] is the total probabil-
ity of the “event” I(t), the measurement operators are
MˆI,z = (
t
piS0
)
1
4 e−[I(t)−
∆Imax
2 cos∆φσˆz]
2 t
2S0 , and an additional uni-
tary backaction is induced by the homodyne measurement
[33, 35, 37]: UˆI,z = e
iI(t) ∆Imax2 sin∆φσˆz
t
S0 e−iϕˆ1(t). Measuring the
quadrature with φ = φdif eliminates this backaction (except
the deterministic phases ϕˆ1(t), see below) and leads to maxi-
mum information inferred from the qubit. The measurement
operators, MˆI,z are derived from two requirements: (i) the
qubit diagonal density matrix elements ρm++(t), ρm−−(t), are
updated according to a classical Bayesian rule with likelihood
probabilities P±(I) = ( tpiS0 )
1
2 e−(I(t)∓
∆Imax
2 cos∆φ)
2 t
S0 , obeying
a quantum-classical correspondence [36]; (ii) the evolu-
tion of the non-diagonal element obeys the rule: ρm+−(t) =
ρm+−(0)
√
ρm++(t)ρm−−(t)/ρm++(0)ρm−−(0), which follows from
the saturation of the inequality |ρi j| ≤ √ρiiρ j j averaged over
all possible records I(t) [36]. By differentiating Eq. (11) a
stochastic evolution equation can be obtained.
n-qubit readout- Consider simultaneous measurement of n
qubits coupled to a resonator. The basis spin states are of the
form |s〉 = | ↑↑ . . . ↓〉. The n-qubit couplings G‖,s and detun-
ings δωs appear to be: G‖,s = 〈s| e−iϕm2 ∑ j
[
g˜( j)0 + g˜
( j)
‖ σ
( j)
z
]
|s〉,
and δωs = 〈s|∑ j δω jσ( j)z |s〉. With the solution of α˙s(t) =
−i{[(ω˜r+δωs)− iκ2 ]αs + ε + G‖,s} one gets the average
currents Is(φ) = βκ
[
αsts e−iφ+αst∗s eiφ
]
and the accumulated
phases ϕs(t), ϕ˙s = Re[(ε+G‖,s)∗αs(t)] for each state |s〉. The
n-qubit measurement operator reads (ΩˆI,cˆn ≡ MˆI,cˆn ·UˆI,cˆn ):
ΩˆI,cˆn(φ)=(
t
piS0
)
1
4 e−[I(t)−cˆn(φ)]
2 t
2S0 ·eiI(t) cˆn(φ+ pi2 ) tS0 e−iϕˆn(t) (12)
with cˆn(φ) = diag{I1(φ), . . ., I2n (φ)}, ϕˆn(t) = diag{ϕ1, . . .,ϕ2n}
being diagonal operators. In Eq. (12) the “pure” measure-
ment operator Mˆcˆn is in general form and is equivalent to
a quantum Bayesian update of the n-qubit density matrix,
while Uˆcˆn is a unitary backaction derived using a “history
tails” approach [37]. By averaging over all possible real-
izations of I(t) one obtains the ensemble evolution: ρ˙qss′ =
(−iωss′ − Γss′)ρqss′ , where Γss′ =
∆Imax;ss′
4S0
= |αsts −αsts′ |2 κ2 are
the partial dephasing rates, analogous to Eq. (10), and ωss′ =
(δωs−δωs′)Re
[
αsts αst∗s′
]
+Re
[
(G‖,s−G‖,s′)∗(αsts +αst∗s′ )
]
are
the ac-Stark shifts, similar to the single-qubit case.
By performing a joint measurement of qubits by a sin-
gle resonator one can entangle them without a direct qubit
interaction [38]. In the simplest case of two qubits this is
achieved provided the measurement cannot distinguish certain
two-qubit subspaces [8, 9, 38–40]. Assuming equal couplings,
λ1 = λ2, g˜‖,1 = g˜‖,2 (i.e. symmetric measurement), one gets
I↑↓ = I↓↑, a necessary condition for two-qubit entanglement by
a joint measurement [38]. In the limit, κ δω, g˜‖ the current
differences are equal: I↓↓ − I↑↓ = −(I↑↑ − I↑↓) = 4βg˜‖ sinφ,
corresponding to a linear detector response which leads to an
effective measurement of the total spin (−→σ 1+−→σ 2)2 and prob-
abilistic entanglement, e.g., to the spin-zero subspace, starting
from any separable initial state [38]. By choosing the local os-
cillator phase φ= pi/2 one can eliminate the additional unitary
backaction, while maximizing the qubit response.
For measurement rate estimation one considers the “bad
cavity limit”, when ωr κ Γm, also requiring κ δω, g˜‖.
With an external driving ε ≈ 20(15)MHz (at ωd = ωr), no
modulation, and for the parameters of ωr/2pi = 5(10)GHz,
η/~ = 0.35(1.), tunneling tl,r = 40(20)µeV, Ucharge =
0.32(0.5)meV, and loaded resonator Q-factor 1.25(2.5)102,
4one gets: Eq ≈ 6(1)GHz, δω = 5.2(10.3)MHz, and κ/2pi =
40MHz, thus obtaining Γm/2pi ' 4.7(7.4)MHz, average
photon number n¯ ≈ 0.9(0.4), and a measurement time of
τm ' 34(21.3)ns. Similarly, with modulation V˜m = 0.1meV
(at ωm = ωr) and no driving, for the parameters ωr/2pi =
5(10)GHz, η/~= 0.35(1.), tunneling tl,r = 20µeV,Ucharge =
0.4(0.5)meV, and Q = 102, one gets: Eq ≈ 1GHz, δω =
0.6(10.3)MHz, g˜‖ = 8.8(25)MHz, and κ/2pi = 100MHz,
thus obtaining Γm/2pi ' 3.1(13.4)MHz, photon number of
n¯≈ 0.3(0.5), and a measurement time of τm ' 50.8(11.8)ns,
much smaller than typical T2 of tens of µs [27, 28].
Summary.- The proposed dispersive-like and longitudinal
curvature couplings of a TQD spin-qubit to a SC resonator of
tens to hundred MHz can be much larger than the transverse
dispersive coupling g2⊥/∆ for a similar TQD system [10, 11],
which needs a large e.d.m. These couplings can be compara-
ble to superconducting qubits [41], allowing fast spin readout
at tens of ns. As opposed to Jaynes-Cummings interaction,
curvature couplings are Purcell free, admitting higher photon
numbers and even shorter readout times. The curvature cou-
plings allow for spin measurements at a sweet-spot [42], with
zero QDs’ e.d.m. and minimized qubit dephasing, allowing
for high readout efficiency. With the dispersive-like coupling
λωr, a quantum-limited readout of individual qubits can be
performed, as in CQED. On the other hand, in a regime where
λωr g˜‖, and using the n-qubit measurement result Eq. (12),
it is possible to utilize designated resonator(s) that selectively
couple to a number of spin-qubits, which could be a viable
route to generate spin entanglement within a cluster of qubits,
and to create medium range spin entanglement across chip,
which can be a resource in quantum computations [43].
∗ charlie@tahan.com, ruskovr@lps.umd.edu
[1] J. M. Elzerman, R. Hanson, L. H. W. van Beveren, B. Witkamp,
L. M. K. Vandersypen, and L. P. Kouwenhoven, Nature 430,
431 (2004).
[2] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby,
M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Science 309, 2180 (2005).
[3] M. Veldhorst, C. H. Yang, J. Hwang, W. Huang, J. Dehol-
lain, J. Muhonen, S. Simmons, A. Laucht, F. Hudson, K. Itoh,
A. Morello, and A. Dzurak, Nature 526, 410 (2015).
[4] K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung, J. M.
Taylor, A. A. Houck, and J. R. Petta, Nature 490, 380 (2012).
[5] T. Frey, P. J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin, and
A. Wallraff, Phys. Rev. Lett. 108, 046807 (2012).
[6] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R. J.
Schoelkop, Phys. Rev. A 69, 062320 (2004).
[7] R. Vijay, C. Macklin, D. H. Slichter, S. J. Weber, K. W. Murch,
R. Naik, A. N. Korotkov, and I. Siddiqi, Nature 490, 77 (2012).
[8] D. Riste`, M. Dukalski, C. A. Watson, G. de Lange, M. J. Tiggel-
man, Y. M. Blanter, K. W. Lehnert, R. N. Schouten, and L. Di-
Carlo, Nature 502, 350 (2013).
[9] N. Roch, M. E. Schwartz, F. Motzoi, C. Macklin, R. Vijay,
A. W. Eddins, A. N. Korotkov, K. B. Whaley, M. Sarovar, and
I. Siddiqi, Phys. Rev. Lett. 112, 170501 (2014).
[10] J. M. Taylor, V. Srinivasa, and J. Medford, Phys. Rev. Lett. 111,
050502 (2013).
[11] M. Russ and G. Burkard, Phys. Rev. B 92, 205412 (2015).
[12] X. Hu and S. Das Sarma, Phys. Rev. Lett. 96, 100501 (2006).
[13] M. Russ, F. Ginzel, and G. Burkard, Phys. Rev. B 94, 165411
(2016).
[14] M. Friesen, M. A. Eriksson, and S. N. Coppersmith,
arXiv:quant-ph/1605.01797 (2016).
[15] M. Boissonneault, J. M. Gambetta, and A. Blais, Phys. Rev. A
79, 013819 (2009).
[16] E. A. Sete, J. M. Gambetta, and A. N. Korotkov, Phys. Rev. B
89, 104516 (2014).
[17] K. Mølmer and A. Sørensen, Phys. Rev. Lett. 82, 1835 (1999).
[18] G. J. Milburn, S. Schneider, and D. F. V. James, Fortschr. Phys.
48, 801 (2000).
[19] D. Leibfried, B. DeMarco, V. Meyer, D. Lucas, M. Barrett,
J. Britton, W. M. Itano, B. Jelenkovic´, C. Langer, T. Rosenband,
and D. J. Wineland, Nature 422, 412 (2003).
[20] P. C. Haljan, K.-A. Brickman, L. Deslauriers, P. J. Lee, and
C. Monroe, Phys. Rev. Lett. 94, 153602 (2005).
[21] A. J. Kerman, New Journal of Physics 15, 123011 (2013).
[22] P. M. Billangeon, J. S. Tsai, and Y. Nakamura, Phys. Rev. B
91, 094517 (2015).
[23] N. Didier, J. Bourassa, and A. Blais, Phys. Rev. Lett. 115,
203601 (2015).
[24] S. Richer and D. P. DiVincenzo, Phys. Rev. B 93, 134501
(2016).
[25] Y.-P. Shim and C. Tahan, Phys. Rev. B 93, 121410(R) (2016).
[26] N. Samkharadze, A. Bruno, P. Scarlino, G. Zheng, D. P. Di-
Vincenzo, L. DiCarlo, and L. M. K. Vandersypen, Phys. Rev.
Applied 5, 044004 (2016).
[27] J. Medford, J. Beil, J. M. Taylor, E. I. Rashba, H. Lu, A. C. Gos-
sard, and C. M. Marcus, Phys. Rev. Lett. 111, 050501 (2013).
[28] M. Reed, B. Maune, R. Andrews, M. Borselli, K. Eng, M. Jura,
A. Kiselev, T. Ladd, S. Merkel, I. Milosavljevic, E. Pritchett,
M. Rakher, R. Ross, A. Schmitz, A. Smith, J. Wright, M. Gyure,
and A. Hunter, Phys. Rev. Lett. 116, 110402 (2016).
[29] F. Martins, F. K. Malinowski, P. D. Nissen, E. Barnes, S. Fal-
lahi, G. C. Gardner, M. J. Manfra, C. M. Marcus, and F. Kuem-
meth, Phys. Rev. Lett. 116, 116801 (2016).
[30] B. M. Maune, M. G. Borselli, B. Huang, T. D. Ladd, P. W.
Deelman, K. S. Holabird, A. A. Kiselev, I. Alvarado-Rodriguez,
R. S. Ross, A. E. Schmitz, M. Sokolich, C. A. Watson, M. F.
Gyure, and A. T. Hunter, Nature 481, 344 (2012).
[31] A. O. Caldeira, H. A. Cerdeira, and R. Ramaswamy, Phys. Rev.
A 40, 3438 (1989).
[32] R. Ruskov, K. Schwab, and A. N. Korotkov, Phys. Rev. B 71,
235407 (2005).
[33] H. M. Wiseman and G. J. Milburn, Quantum measurement and
control (Cambridge, UK: Cambridge University Press., 2010).
[34] C. W. Gardiner and P. Zoller, Quantum noise (Berlin, DE:
Springer, 2000).
[35] J. M. Gambetta, A. Blais, M. Boissonneault, A. A. Houck, D. I.
Schuster, and S. M. Girvin, Phys. Rev. A 77, 012112 (2008).
[36] A. N. Korotkov, Phys. Rev. B 63, 115403 (2001).
[37] A. N. Korotkov, Phys. Rev. A 94, 042326 (2016).
[38] R. Ruskov and A. N. Korotkov, Phys. Rev. B 67, 241305 (2003).
[39] W. Mao, D. V. Averin, R. Ruskov, and A. N. Korotkov, Phys.
Rev. Lett. 93, 056803 (2004).
[40] R. Ruskov, A. N. Korotkov, and A. Mizel, Phys. Rev. B 73,
085317 (2006).
[41] T. Walter, P. Kurpiers, S. Gasparinetti, P. Magnard, A. Potocnik,
Y. Salathe, M. Pechal, M. Mondal, M. Oppliger, C. Eichler, and
A. Wallraff, arXiv:quant-ph/1701.06933 (2017).
5[42] These can be used in a recently proposed quadrupole qubit [14].
[43] R. Raussendorf and H. Briegel, Phys. Rev. Lett. 86, 5188
(2001).
